The study demonstrates the comparative retention characteristics of chromium from aqueous environment on iron(III) cellulose nanocomposite bead under conventional (C-ads) and ultrasound assisted (U-ads) batch adsorption operation. Optimization of process parameters was achieved varying pH, contact/sonication time, initial Cr(VI) concentration, adsorbent dose at fixed solution temperature. Equilibrium was achieved within 5 h and 30 min of contact time in C-ads and U-ads respectively. Langmuir isotherm is found suitable in C-ads while Temkin in U-ads. Both the operation is aided by change in negative free energy, positive enthalpy and entropy. Ultrasound assisted adsorption is much favorable in terms of efficiency, feasibility, spontaneity and randomness. Both the operations follow more the second order than the first order kinetic model. The pore diffusion prevails more in case of U-ads while the surface adsorption in C-ads. 
Introduction
Advent of human civilization has resulted generation of large amount of wastewater containing a wide range of toxic chemicals including heavy metals, among which chromium is studied in the present report. Chromium, particularly in hexavalent oxidation state, may cause kidney damage, lung tumor, severe diarrhoea, allergic dermatitis, skin irritation, internal haemorrhage and respiratory problems (Mohan et al., 2005) . A large amount of chromium is discharged from different industries viz. leather, mining, metallurgical (steel, ferrous-and nonferrous alloys), refractory (chrome and chrome-magnetite), electroplating, tannery, timber treatment and chemical (Dubey and Gopal, 2007) . Treatment of chromium containing wastewater becomes a high priority issue to safeguard the environment and the lives on the earth (Nithya and Sudha, 2016) .
Water pollution control technologies include coagulation, precipitation, sedimentation, filtration, solvent extraction, ion exchange, adsorption, electrodialysis and membrane separation (Mohan and Pittman Jr., 2006) . However, adsorption is considered more acceptable in terms of convenience, ease of operation and simplicity in design (Babel and Kurniawan, 2003) . Cellulose, the natural polysaccharide that is abundant in nature may be used as the precursor for synthesis of adsorbent with good capacity. The reactivity depends on the resultant cellulose structure where the monomeric cellulose units aggregate via the Van der Waals force as well as intra and intermolecular hydrogen bonding.
Cellulose based materials are used for adsorption of chromium by several researchers. Mechanical aid such as sonication applied to conventional process is supposed to improve the adsorption efficiency due to the increased solute mass transfer through acoustic waves (Roosta et al., 2014; Reddy et al., 2010) . In the present report the behavior of iron modified cellulose nonocomposite (FeCNB) toward retention of chromium(VI) is compared in conventional (C-ads) and ultrasound assisted (U-ads) batch adsorption operation. The isotherm, thermodynamic feasibility and kinetics of operation were evaluated. The present authors find only four references of ultrasound assisted (sono) adsorption of chromium, yet the adsorbents are not cellulose based (Jing et al., 2011; Zhang et al., 2014; Zhou et al., 2016; Chen et al., 2017) . Moreover, all these studies dealt with lower concentration of chromium, required higher time or stronger ultrasonic power, compared to the present report.
Experimental

Materials
All the chemicals and solvents used are of analytical grade (Merck, India). Cellulose powder (Loba Chemie, India) was used for the preparation of cellulose nanocomposite bead. Chromium(VI) stock solution (1.0.10 À3 M) was prepared by dissolving appropriate amount of K 2 Cr 2 O 7 in deionized water and working solutions were prepared by proper dilution of the stock. Iron impregnation of cellulose bead was made with Fe(NO 3 ) 3 $9H 2 O solution (10 % W/V).
Preparation of FeCNB
Iron(III) loaded cellulose nanocomposite bead was synthesized in two steps; synthesis of cellulose nanocomposite bead (CNB) and modification of CNB with Fe(III).
CNB was synthesized by sol-gel transformation (Hench and West, 1990) . Cellulose powder (1.0 g) was soaked in NaOH (20.0 cm 3 , 19%) and was kept in an air free condition at room temperature for 8 h. On addition of CS 2 (1.0 cm 3 ) to the suspension and shaking (150 spm, 8 h) the cellulose xanthate (orange-yellow) was formed.
Further addition of NaOH (10.0 cm 3 , 6%) with continuous shaking for 6 h leads to the formation of a sol (red-brownish) that transformed into gel after keeping for 3 days. When the gel was added drop wise under stirring to a mixture of CH 3 OH:-NaOH:H 2 O::50:30:20 the cellulose nanocomposite bead (CNB) was appeared (Santra et al., 2014) . CNB on repeated washing with de-ionized water turned snow white in color and kept under water at room temperature. In the next step CNB were modified with Fe(III). The solution of Fe(NO 3 ) 3 $9H 2 O (10%, w/v) was added under stirring (100 spm) at room temperature for 2 h to CNB and iron(III) loaded cellulose nanocomposite bead (FeCNB), red in color, was formed. The beads were washed repeatedly with de-ionized water and stored under water at room temperature. The color and shape of the beads remain stable at least for 90 days (Sarkar and Sarkar, 2017) .
Characterization of FeCNB
The physicochemical, surface and thermal properties are evaluated for the characterization of the synthesized beads (Sarkar and Sarkar, 2017) .
Batch operation protocol
Batch experiment was conducted to determine the influence of pH, FeCNB dose, agitation/sonication time and speed, initial Cr(VI) concentration at constant temperature on Cr(VI) uptake and retention. The range of operation was: pH (2e10), dose (0.5e5.0 g dm À3 ), contact time (for C-ads; 0.5e5 h) and sonication time (for U-ads; 0.5e2.0 h), agitation speed (50e200 spm), initial Cr(VI) concentration (100e300 mg dm À3 ), temperature of 290e310 K. 
where, C 0 and C e are the initial and equilibrium Cr(VI) concentration (mg dm À3 )
respectively, m is the mass of FeCNB (g) and V is the volume (dm 3 ) of solution.
3. Results and discussion
Characterisation of FeCNB
The physicochemical character of FeCNB was illustrated elsewhere (Sarkar and Sarkar, 2017) . The porosity, degree of swelling and surface area values indicated the possible adsorption ability of FeCNB. In FeCNB presence of characteristics IR peaks of cellulose alongwith those corresponding to Fe-O stretching and O-Fe-O bending were observed. Scanning electron microscopy (SEM) study at different magnifications reveals spherical shape and nanonature of FeCNB with particle size of 60 nm. Electron dispersive X-ray spectrum (EDS) shows presence of C, O and Fe. The nanonature of the particles having mean diameter of 5 nm was indicated from Tranmission electron microscopy (TEM). The 2D topography of atomic force microscopy (AFM) image also supports nano surface structure with non regular distribution. Electron paramagnetic resonance (EPR) study indicates that isolated Fe(III) is present as free high spin state at the rhombic site. Thermogravimetric analysis-differential thermal analysis (TGA-DTA) study suggests stability of the bead at least upto 278 C.
Influence of operational parameters in batch operation
Influence of pH
The pH dependent retention pattern of Cr(VI) in C-ads and U-ads is demonstrated in Fig. 1a . Adsorption is considered to be governed by the surface charge of FeCNB and the chromium species present in the solution. Considering the pH ZPC of FeCNB (7.58) and speciation of chromium it is expected that in the pH range of 3e6 higher retention occurs due to the electrostatic attraction between FeCNB-HCrO 4 À . In higher pH lesser retention is due to repulsive interaction between the adsorbent and the anionic Cr(VI) species (Sarkar and Sarkar, 2017) . It is interesting to note that retention of total chromium [Cr(VI) þ Cr(III)] does not differ from that of Cr(VI) indicating that FeCNB is specific for Cr(VI) adsorption. Though the retention trend is found similar the extent at each pH is higher in case of U-ads compared to that in C-ads. However, the optimum pH is found to be 3.1 for both the operations.
Influence of adsorbent dose
Fig . 1b illustrates the retention profile of Cr(VI) with increasing FeCNB dose in Uads compared to that in C-ads. With increasing dose the extent of Cr(VI) retention increases and reaches the maximum value at the optimum dose of 3.0 g dm À3 for
both C-ads and U-ads. As the dose increases the number of active sites and also
Cr(VI) retention on FeCNB surface increases. The saturation of retention even with increase of dose beyond equilibrium may be due to either aggregation or overlapping of active surface sites. Similar observation was reported by He et al. (2014) , for adsorption of Cr(VI) on functionalized cellulose nanofiber.
Influence of contact time
In order to achieve Cr(VI)-FeCNB equilibrium the agitation period was varied and the retention behavior in U-ads was compared with that in C-ads. Initially the rate of retention is more which slows down gradually and reaches maximum near equilibrium ( Fig. 1c) . The increased retention is due to availability of more vacant adsorption sites and high solute concentration gradient between the adsorbent surface and bulk solution (Dehghani et al., 2015) . The equilibrium is observed at 5 h and 30 min of contact time in C-ads and U-ads respectively. It is expected that ultrasonic irradiation enhances the solute mass transfer rate around the liquid-solid interfaces due to the high-pressure shock waves during the violent collapse of cavitation bubbles . Thus, sonication develops equilibrium in shorter period than the conventional operation.
Influence of shaking speed
As reported earlier with increase in agitation speed from 50 to 200 spm Cr(VI) retention increases progressively from 38 to 80% in case of C-ads (Sarkar and Sarkar, 2017) due to enhanced diffusion rate of solute (Bankar et al., 2009) . Interestingly, in case of U-ads the retention was found to be higher (84%), even with the lower agitation speed (50 spm) and does not alter with increase in agitation speed (Fig. 1d) . Thus, ultrasound produces enough translational motion to the solution for Cr(VI) retention onto the FeCNB surface via acoustic streaming (Yang, 2001 ).
Influence of initial concentration
The present study was conducted at the optimum condition with different Cr(VI) concentrations (100e300 mg dm À3 ) (Fig. 1e) . The percent retention is higher for lower initial concentration and vice versa in U-ads similar to C-ads. Similar observation was made by Gorzin and Rasht Abadi (2018) for Cr(VI) adsorption on paper mill sludge. However, higher percent retention was found in case of U-ads than Cads, as sonication leads to more solute mass transfer via acoustic cavitations (Ansari et al., 2016) .
Influence of coexisting anions
The role of common anions, present in the effluents such as nitrate, chloride and sulfate, on Cr(VI) retention using a fixed initial concentration (200 mg dm À3 ) is studied for U-ads similar to the case of C-ads. It shows no significant influence of the studied anions load up to 10 times of Cr(VI). Fig. 1f compares the retention extent of Cr(VI) for C-ads and U-ads in presence of foreign anions. The lower retention in presence of AsO 4 3À and PO 4 3À is thought to be due to the competitive retention for adsorption sites (Neagu, 2009 ) while lower retention in presence of bicarbonate is due to increase of solution pH from 3.8 to 7.9.
Comparison of efficiency and operational parameters of different adsorbents
There are several reports for adsorptive removal of Cr(VI) from water. The efficiency depends on the operational condition. The performance of some cellulose based adsorbents in conventional operation is compared with the present adsorbent in Table 1 .
Adsorption isotherm
Adsorption isotherm being useful for designing adsorption as a unit operation, different models Langmuir, Freundlich and Temkin are tested in the present case.
The Langmuir isotherm is used to estimate the monolayer adsorption capacity on homogeneous adsorbent sites (Langmuir, 1916) and is given as:
The linear form is presented as,
where, Q (mg g À1 ) and b (dm 3 mg À1 ) are the maximum adsorption capacity and adsorption intensity respectively. C e (mg dm À3 ) and q e (mg g À1 ) represent residual Cr(VI) concentration and amount of Cr(VI) adsorbed on FeCNB at equilibrium respectively. Freundlich adsorption is employed to estimate the adsorption intensity of the adsorbent towards heterogeneous adsorbent sites (Freundlich, 1906) . It can be expressed as:
where, K F ((g mg⁻ 1 ) (mg dm À3 ) À1/n ) is the Freundlich constant related to the adsorption capacity and 1/n is adsorption intensity, indicating the affinity or binding strength.
Temkin isotherm assumes that decay of the heat of solute adsorption on the adsorbent layer with surface coverage, due to soluteeadsorbent interaction, is linear rather than logarithmic, in contrast to the Freundlich equation (Temkin and Pyzhev, 1940) . It can be expressed as follows:
On linearization it takes the form as,
where, A T is the equilibrium binding constant corresponding to the maximum binding energy (dm 3 mg À1 ), B T is related to the heat of sorption (J mol À1 ), R is the molar gas constant (8.314 Â 10 À3 kJ mol À1 K À1 ), T is the absolute temperature (K).
The isotherm study was performed under equilibrium condition and the constants for U-ads and C-ads are compared in Table 2 . The adsorption capacity corresponding to each isotherm (Q, K F , A T ) is found higher in case of U-ads than in case of C-ads, indicating better performance of ultrasound assisted operation. The equilibrium parameter q e corresponding to each isotherm was compared with the experimental q e and compared in Fig. 2a for C-ads and in Fig. 2b for U-ads.
Isotherm validity testing using statistical parameters
It is found that in case of U-ads R 2 values for Langmuir and Temkin are comparable and higher than Freundlich model in contrast to the case of C-ads, where the R 2 value for Langmuir is reported to be highest compared to Freundlich and Temkin. The validity of a particular isotherm model for the present soluteeadsorbent interaction is primarily judged from the correlation coefficient value (R 2 ) using linear regression. Linear regression considers that the standard deviations (differences between the measured and the calculated values) are equal in each point. But, during linearization of nonlinear form, the unity standard deviation in points of the linear form deviates. This implies that the theories behind the model giving the best fitting parameters for the linear form not necessarily for the original nonlinear one. Therefore, nonlinear regression is the most feasible method to estimate isotherm model parameters (Ho, 2004a) . In the present case, Chi square analysis is performed to find the best fitted isotherm model. The advantage of using Chi square test is the possibility of comparison of all isotherms on the same abscissa and ordinate.
The Chi-square (c 2 ) value is calculated (Naiya et al., 2009) 
Based on such analysis ( Table 2 ) it reveals that in case of C-ads the trend of data fit follows: Langmuir > Temkin > Freundlich. It suggests that Cr(VI) adsorption takes place at specific homogeneous sites of FeCNB. Moreover, higher Q and b values at higher temperatures indicate more capacity and affinity of Cr(VI) on FeCNB due to surface activation. Similar report was made by Anandkumar and Mandal (2011) .
Interestingly, in case of U-ads, Temkin isotherm is most acceptable and the trend is Temkin > Langmuir >> Freundlich. The Temkin isotherm contains a factor that explicitly takes into the account solute-adsorbent interactions. The ultrasonication, due to cavitation effect, leads to uniform distribution of binding energies (Milenkovi c et al., 2013) and the heat of solute adsorption is expected to decrease linearly with surface coverage during solute-adsorbent interaction.
Feasibility of adsorption
The feasibility of Cr(VI)-FeCNB interaction may be evaluated from the separation factor (SF), a dimensionless quantity (Ozdemir et al., 2004) , which is expressed as,
where, b is the Langmuir isotherm constant and C 0 is the initial Cr(VI) concentration in solution. The SF value may reveal the nature of the isotherm (Lin et al., 2014) , as favorable (0 < SF < 1), irreversible (SF ¼ 0), unfavorable (SF > 1) or linear (SF ¼ 1).
In the present case of U-ads the SF values at different temperatures and concentrations are found to lie between 0 and 1, similar to the case of C-ads, indicating favorable case of adsorption for both the cases. Thermodynamic feasibility was tested from the change of Gibbs free energy (DG); Eq. (11). The change in enthalpy (DH) and entropy (DS) was evaluated from the slope and intercept respectively of the plot of the van't Hoff Eq. (12) ,
where, K c is the equilibrium constant. It is found that the DG values are negative corresponding to all studied Cr(VI) concentrations (Table 3) . Thus both the operations are said to be spontaneous. Moreover, higher magnitude of eDG in case of Uads compared to C-ads indicates more feasibility of the former operation. Increase in the values of eDG with an increase in temperature suggests more Cr(VI) adsorption at higher temperatures. Plot of van't Hoff equation for C-ads is presented in Fig. 2c and that of U-ads in Fig. 2d . Both the DH and DS are found to be positive for each concentration of chromium and in each operation (Table 3) . Thus, the operations are endothermic and random in nature. The endothermic nature is also indicated by the increased extent of adsorption with temperature rise. The increased randomness (more DS) indicates that the U-ads is preferred than the C-ads.
Adsorption kinetics
The nature of the adsorption process may depend on physical and chemical characteristics of the adsorbent as well as the system conditions. The pseudo first-and
second-order models were tested to find the rate and mechanism of soluteeadsorbent interaction.
3.6.1. Pseudo first order (Lagergren) rate equation
The integrated pseudo-first order rate equation, also known as Lagergren rate equation (Ho, 2004b ) is expressed as: 
where, q e and q t are the amount of solute on adsorbent (mg g À1 ) at equilibrium and time t respectively. K 1 represents the first order rate constant.
A plot of ln(q e -q t ) against time (t) at a fixed temperature and initial solution concentration yields a straight line and K 1 can be evaluated from the slope. In Fig. 3a Lagergren plot of U-ads is compared with that of C-ads. The kinetic experiment was carried out at three different Cr(VI) concentrations (100, 200 and 250 mg dm À3 )
for C-ads and U-ads. The value of K 1 is found to decrease with increased concentration (Table 4 ).
Pseudo second order rate equation
The linear form of the second order kinetic equation (Ho and McKay, 1999 ) is represented as,
where, K 2 is the second order rate constant (g mg À1 min À1 ) and is evaluated from the intercept of the straight line plot of t/q t against time (t) at fixed temperature and initial solute concentration. The values of K 2 corresponding to different initial concentrations are presented in Table 4 . It is found that as the concentration increases the K 2 decreases. Fig. 3b represents similar nature but different profile for second order kinetic plots in U-ads and C-ads.
It is found that R 2 values for first and second order equations are comparable. Therefore, c 2 values are evaluated to find the best data fit. The lower c 2 values reveal that in both the operations adsorption interaction follows more the second order than the first order kinetic model. However, the rate parameter values are higher in case of Uads than the C-ads.
Weber and Morris rate equation
The adsorption process is believed to follow a complex pathway and is accompanied by both surface and the pore diffusion, but in different extents. In order to examine the diffusion mechanism, the intraparticle diffusion model was analysed following the Weber and Morris equation (Cheung et al., 2007) .
where, K id is the rate constant (mg g À1 min À1/2 ) for pore diffusion (also called intraparticle diffusion coefficient) that indicates the extent of pore diffusion.
A plot of q t against square root of time results an initial curved portion followed by a linear one near to equilibrium (Fig. 3c) . The extrapolated linear portion of the curve is characterized by a slope (K id ) and an intercept (C). The intercept reflects the extent of boundary layer effect. The larger the intercept the greater is the contribution of surface adsorption or boundary layer diffusion towards overall process. Magnitude of the intercept may be correlated with contribution of surface sorption in the rate controlling step (Abbas and Trari, 2015) . The higher value of intraparticle diffusion coefficient (K id ) values in case of U-ads compared to C-ads (Table 4) is obtained.
This indicates pore diffusion is more favorable in case of U-ads.
In an aim to provide an idea concerning feasibility of pore diffusion Arrhenius equation was employed as,
where, E a (kJ mol À1 ) is the activation energy of the pore diffusion, A is Arrhenius frequency factor and T is the absolute temperature. The linear plot of lnK id against 1/T (Fig. 3d ) yields E a from the slope, which is found to be 15.78 and 2.531 kJ mol À1 for C-ads and U-ads respectively. The lower value of E a suggests that Uads assisted more by pore diffusion. Acceleration in mass transfer phenomena by ultrasound application although is reported the mechanism is not fully understood.
The liquid jets toward particle surfaces probably reduce the mass transfer limitations around solid particles that cause higher adsorption due to pushing of solute molecules into micropores, reaching to more active sites (Milenkovi c et al., 2013) .
Conclusion
Fe(III) loaded cellulose nanocomposite bead was found effective for retention of hexavalent chromium from aqueous solution. The performance of conventional batch operation was compared with ultrasound assisted adsorption experiment and the optimum condition for the process parameters such as pH, contact/sonication time, initial Cr(VI) concentration, dose at fixed solution temperature was evaluated. The equilibrium is achieved at pH 3, dose 3 g dm À3 , speed 150 spm within 300 minutes of contact time, in C-ads while at pH 3.5, dose 3 g dm À3 , speed 50 spm and 30 minutes in U-ads. Quick attainment of equilibrium and enhanced extent of retention in U-ads is due to enhanced mass transfer via translation motion, due to acoustic cavitation effect. It is found that in conventional adsorption Langmuir isotherm is most suitable whereas in ultrasound assisted adsorption Temkin isotherm is followed. Both the operation is aided by change in negative free energy, positive enthalpy and entropy. Ultrasound assisted adsorption is much more favorable in terms of efficiency, feasibility, spontaneity and randomness. Both the operations follow more the second order than the first order kinetic model. The energy parameter suggests that U-ads is assisted by pore diffusion while C-ads by surface adsorption.
